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Apoptosis in sepsis 



Raja Mahidhara, MD; Timothy R. Billiar, MD 



Sepsis demonstrates a marked dysregulatron of the immune 
fjystem in its ability to fight infection. Previous modeis have 
focused on the mechanisms which upregulate and sustain the 
heightened immune response without addressing the role of 
down-regulation effectors. Attention has been drawn to these 
down-regulating mechanisms and their precise role in the patho- 
physiology of sepsis. Apoptosis is an evolutionarily conserved, 
energy-dependent mode of cell death requiring the initiation and 
regulation of complex genetic programs. It is the body's main 
method of getting rid of cells which are in excess, damaged, or no 
onger needed in a controlled manner. The role of this cellular 
phenomenon in physiology and pathophysiology has been the 



subject of intense scrutiny over the last decade. Much work has 
demonstrated that dysregulation of apoptosis does occur in im- 
mune and nonimmune cells in in vitro and in vivo models of 
sepsis. The difficulty has been in tying the phenomenology of 
apoptosis into the pathophysiology of sepsis. Further work is 
needed to make these connections to elucidate rational ap- 
proaches for clinical applications of immunomodulation in sepsis. 
(Crit Care Med 2000; 28[Suppl.]:N105-N113) 

Key Words: apoptosis; sepsis; systemic inflammatory response 
syndrome; neutrophil; lymphocyte; endothelial cell; hepatocyte; 
nitric oxide; inducible nitric oxide synthase 



Homeostasis is defined as the 
maintenance of the internal 
milieu. Physiologically, it 
refers to all of the interde- 
pendent, multisystem, multiorgan mech- 
i.nisms an organism employs to function 
normally. Sepsis marks a dramatic dys- 
regulation of the immune system in its 
ability to maintain homeostasis in the 
face of infection by microorganisms (1). 
Historically, sepsis was thought to repre- 
sent the appropriate but inadequate mo- 
bilization of host defenses against an 
overu'helmingly virulent infection (2). 
Two key observations changed our think- 
ing of the pathophysiology of sepsis. The 
first observation was that the phenotype 
of system-wide, uncontrolled inflamma- 
tion leading to subsequent multiple or- 
gan failure (MOF) could occur from 
trauma, hemorrhage, or transfusion in 
the absence of infection (3). The second 
discovery was that soluble mediators 
elaborated from stimulated leukocytes 
could also replicate the phenotype of sys- 
tem-wide inflammation (systemic inflam- 
matory response syndrome [SIRS]) and 
MOF (4). 
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The model of sepsis and SIRS that had 
emerged was essentially one of persistent 
and uncontrolled inflammation that ulti- 
mately caused system-wide effects, shock, 
and end organ failure. The theory of ram- 
pant uncontrolled inflammation, com- 
bined with the discovery of small potent 
proteins secreted from immune ceils, 
lent itself to the intense study of proin- 
flammatory cytokines and the Herculean 
effort to systematically catalogue this 
complex aspect of immune physiology. 
Enthusiasm for this line of research saw 
its peak in clinical trials aimed at block- 
ing the early mediators of the proinflam- 
matory response in sepsis (5-9). The re- 
sults of these studies have consistently 
failed to show any benefit in the immu- 
nomodulation of proinflammatory medi- 
ators. This has led to a reevaluation of the 
model of sepsis and dysregulated sys- 
temic inflammation. 

Homeostasis requires compensatory 
mechanisms to maintain the internal mi- 
lieu. The immune system has evolved 
proinflammatory and anti-inflammatory 
programs to deal with invasion by foreign 
agents. This is seen clinically in that the 
body can mount an overwhelming over- 
reaction or underreaction to injury or 
infection (10). Importantly, dysregulation 
in the execution of either set of programs 
may result in failure to reestablish ho- 
meostasis. Mechanisms for marshaling 
an organism's resources to combat infec- 
tion are necessarily interrelated with sub- 



sequent down-regulation of these re- 
sponses once the infectious agent has 
been killed (Fig. 1). Less attention had 
been directed in the study of mechanisms 
for down-reguiating the immune re- 
sponse. In addition, focus on extracellular 
mediators had left the role of intracellu- 
lar responses to injury and infection 
largely unknown. Most recently, these 
two areas have been the focus of scrutiny 
in sepsis research. 

It has become increasingly clear that 
apoptosis, or cellular suicide, is one of the 
most important, biologically conserved 
mechanisms for multicellular organisms 
to respond to external injury (11). Recent 
work has revealed the integral nature of 
apoptosis in the regulation of immune 
cells. The mechanisms of initiation, sec- 
ond signaling, and effector function are 
gradually being elucidated. The complex- 
ity of this cellular process is similar in 
its murkiness to the early work describ- 
ing the physiology of cytokines, im- 
mune cells, and end organ effects. What 
has emerged is a tangle of tantalizing 
pieces to a puzzle, which focuses 
on some of the most basic aspects of 
physiology. 

It is also clear that apoptosis plays a 
fundamental role in the function of the 
"normal" immune response (12). Less 
clear is the role that apoptosis and its 
dysregulation may play in pathologic im- 
mune states like sepsis, autoimmune dis- 
ease, or immunosuppressed states. 
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Linking the precise role of this process 
to the outcome of immune responses is 
difficult. The potential role of apoptosis 
and its dysregulation in the pathogenesis 
of sepsis has focused on three basic ques- 
tions. The first is whether impairment of 
apoptosis as a method of down-regulating 
proinflammatory cells causally results in 
inappropriate persistence of inflamma- 
tion under septic conditions. The second 
question is whether increased apoptosis 
of immune effector cells results in immu- 
nosuppression and increased susceptibil- 
ity to overwhelming infection. Finally, do 
environmental conditions during sepsis 
and SIRS result in the apoptosis of end 
organ parenchymal cells and causally re- 
sult in end organ failure (Table 1)? Un- 
fortunately, many of the pieces of data 



needed to connect the descriptive infor- 
mation available to the ultimate role of 
apoptosis in the pathophysiology and out- 
come of infection are not known. 

We will begin with a review of the 
basic molecular events involved with ap- 
optosis. A comparison with the process of 
necrosis will illustrate the difference be- 
tween these two processes of cell death 
and the potential implication in the 
pathogenesis of inflammation. The next 
section of the review will describe the 
role of apoptosis in the "normal" regula- 
tion of neutrophils and lymphocytes. This 
will be followed with a review of the avail- 
able information examining the dysregu- 
lation of immune cell apoptosis in sepsis. 
Work from our group and others will 
illustrate the role of apoptosis in paren- 
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Figure 1. Pathophysiology of sepsis. 

Table 1. Apoptosis in the pathophysiology of sepsis 



Observation 


Hypothesis 


Delayed neutrophil apoptosis 


Beneficial 




Enhanced function 




Prolonged function 




Detrimental 




Prolonged elaboration of toxic metabolites 




May result in neutrophil necrosis 


Increased lymphocyte apoptosis 


Beneficial 




Decreased autoreactive clones 




Decrease in effectors which can perpetuate inflammation 




Detrimental 




Immunosuppressive 


Parenchymal apoptosis 


Beneficial 




Decreased burden of dying or senescent cells 




No bystander inflammation 




Detrimental 




Decreased functional capacity of the organ 



chymal cells with special attention to the 
role of nitric oxide in the physiology offf- 
apoptosis in endothelial cells and hepato^lS^ 
cytes. Finally, we will review the studiesPl 
which have tried to tie the dysregujatidn^t|j 
of apoptosis seen in sepsis with end orgari%*3 
morbidity and overall mortality. To con-i^ J 
elude, we will attempt to synthesize the''' I 
available information into a frameworktoT - 1 
describe the role of apoptosis in the • • 
pathophysiology of sepsis. -J 

APOPTOSIS 

Apoptosis refers to the morphologic 
alterations exhibited by "actively" dying • 
cells. It includes a typical set of changes , j 
including cell shrinkage, cleaving of nu- 
clear deoxyribonucleic acid (DNA), chro- 
matin condensation, and membrane 
blebbing (13). In 1971, Kerr first de- 
scribed this type of ceil death as "shrink- 
age necrosis" to draw a clear distinction 
between the types of cell death that occur 
during animal development, tissue ho- 
meostasis, and pathologic states {14, 15). 
Teleologically, apoptosis allows a multi- 
cellular organism the ability to direct re- 
sources to control cell numbers. Ho- 
meostasis necessitates dedicated 
mechanisms not only for cell prolifera- 
tion but also cell death. Practically the 
body must be able to rid itself of cells that 
are no longer needed, that have been pro- 
duced in excess, that have developed im- 
properly, or that have sustained irrepara- 
ble damage. The term "apoptosis" is now 
generally used to describe the evolution- 
arily preserved pathway of biochemical 
and molecular events leading to cell de- 
mise (16, 17). 

The process of active cell death can be 
divided into three phases: a) initiation; b) 
effector; and c) degradation (Fig. 2). Nu- 
merous stimuli can initiate apoptosis in- 
cluding physiologic activators like tumor 
necrosis factor, Fas ligand and calcium; 
cell damage-related inducers like heat 
shock, reactive oxygen species, cytolytic T 
cells, and p53; therapy-associated factors 
like -y irradiation and chemotherapeutic 
agents; and toxins like ethanol and amy- 
loid protein (18, 19). Some, but not all, of 
these damage stimuli initiate cell signals 
via a family of homologous receptors 
known as death receptors of which the 
tumor necrosis factor (TNF) receptor is 
the most well recognized. These proteins 
have an extracellular binding site ri=:h in 
cysteine residues and a highly conseA'ed 
cytosolic death domain which enables the 
cell's apoptotic machinery. These receptors 
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1. Death Signal 
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■ TNFa ' 
FasL 
P53 
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2. Intermediary signals <■ 

MAPK 

Intermediaiy Caspases 



3. Effector mechanisms 




Caspase3 




Membrane Pore Transition 

_ Cytochrome C 
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Figure 2. Schematic cartoon of the basic machinery of apoptosis. Signals activate death programs via specialized receptors or by directly stimulating 
effectors. Secondary signals work through multiple pathways to active apoptosis effector mechanisms like mitochondrial membrane pore transition and 
activation of caspase. Effector mechanisms initiate a number of degradative changes including substrate cleavage, DNA laddering, chromatin condensation 
and membrane blebbing. LPS. lipopolysaccharide; TNFa. tumor necrosis factor-a: MAPK. mitogen-activated protein kinase. 



work through a variety of intermediary 
signaling molecules including death ef- 
fector domains and caspase recruitment 
domains to initiate secondary signals 
vi^hich, in turn, regulate the effector arm 
of the ceils apoptotic machinery (20). The 
most prominent of the secondary signal- 
ing pathways includes that of the mito- 
gen-activated protein kinases and of the 
intermediary caspase molecules (21, 22). 

During the effector phase, many of the 
pathways converge. There appear to be 
two main series of intracellular events 
that comprise committed steps by the cell 
toward apoptosis. One is mitochondrial 
membrane permeability transition. In re- 
sponse to proapoptotic intermediary sig- 
nals, the inner mitochondrial membrane 
opens a pore which allows the equilibra- 
tion of molecules up to 1500 daltons in 
mass. This results in the loss of the 



mitochondrial membrane potential, flux 
of Ca"^"^, and redistribution of cyto- 
chrome c into the cytosol. Importantly, 
these events lead to the activation of 
caspase 9 and subsequent downstream ef- 
fectors like caspase 3 (11). This also ap- 
pears to be sufficient in initiating the deg- 
radative arm of the apoptotic machinery. 

The second main committed apoptotic 
event is the activation of caspase 3 (23). 
Caspase proteins are named for their cys- 
teine containing catalytic site that recog- 
nizes and cleaves protein substrates after 
specific aspartic acid residues. The signif- 
icance of these enzymes was first noted in 
their homology with programmed cell 
death genes first described in the embry- 
ologic development of Caenorhabditis el- 
egans (24). In the nematode, there are 
three main proteins, ced-3, ced-4, and 
ced-9, which can initiate or inhibit apo- 



ptosis when overexpressed. The respec- 
tive mammalian analogues are caspase 3 
which is proapoptic, APAF-1 which serves 
a chaperone function, and the Bci family 
which contains proapoptotic and anti- 
apoptotic members (25-27). 

Activation of caspase 3 in response to 
proapoptotic signals results in several 
proteolytic events, which irrevocably lead 
to cell death. One event is a feedback 
effect on the mitochondria for further 
pore formation. A second event is trans- 
location of caspase 3 into the nucleus 
which results in substrate cleavage, DNA 
breakdown, and protein modification. 

The degradative phase results in the 
morphologic appearance that is distinc- 
tive of apoptosis. These include cleavage 
of nuclear DNA into oligonucleosomal 
fragments of multiples of 200 kbp, conden- 
sation of chromatin, cytosolic shrinkage, 
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Table 2. Modes of cell death 


Apoptosis 


Necrosis 


Cell shrinkage 


Cell swelling 


Rapid phagocytosis 


Organelle swelling 


Noninflammatory 


Membrane rupture with spilling of 


Energy dependent 


cytoplasmic contents 


Regulated 


Inflammatory 


Ordered breakdown of nuclear DNA and organelles 


Bystander effect 


Cytoskeletal rearrangement 


No energy requirements 


Flipping of phosphatidyl serine residues to the 


Random DNA breakdown 


outer leaflet of the plasma membrane 





DNA, deoxyribonucleic acid. 



and flipping of phosphotidyl serine moi- 
eties to the outer leaf of the plasma mem- 
brane (28). There is no widespread swell- 
ing and decomposition of intracellular 
organelles as seen in cell death by necro- 
sis. The end result is what is seen on light 
microscopy as the shriveled apoptotic 
body. The distinctive phosphotidyl serine 
residues are rapidly recognized and allow 
the efficient removal of these dead cells 
by phagocytes (29). This serves two ben- 
eficial purposes: the first is the ability to 
reutilize portions of the apoptotic body 
for future use; the second is scavenging 
of the area before cytosolic molecules can 
leak out and induce an inflammatory re- 
sponse. 

Apoptosis Versus Necrosis 

The above discussion characterizes ap- 
optosis as a defined, regulated, mechanis- 
tic mode of cell death. The evolution of 
this intricate and complex genetic pro- 
gram highlights that this mode of cell 
death does not occur by accident. Apopto- 
sis is rigidly controlled and requires en- 
ergy in the form of ATP to carry out all of 
its attendant requirements. It is not ac- 
companied by an acute inflammatory re- 
sponse and does not necessarily induce 
an identical cascade of cellular events 
in nearby tissues of similar or different 
histology. 

This is in contradistinction the usual 
type of cell death with which we are fa- 
miliar, necrosis (Table 2). Necrosis in- 
volves cytoplasmic, organelle, and plasma 
membrane swelling. Necrosis involves 
random DNA breakdown, not like the or- 
dered packaging into oligonucleosomes 
seen in apoptosis (30). Swelling of cells 
dying by necrosis inevitably leads to dis- 
ruption of cellular compartments with 
leaking of intracellular debris into the 
local environment. Disordered and ineffi- 
cient scavenging of this debris allows for 



the up-regulation of a local inflammatory 
response and a potential cascade of sim- 
ilar injurious effects on nearby cells (31). 
Death by necrosis does not involve the 
dedicated mobilization of cellular ma- 
chinery and, as such, has no specific en- 
ergy requirements. In its purest sense, 
necrosis is the exact opposite of apoptosis 
as a cellular response to injury. 

The complexity of life, however, would 
not and does not allow for such rigid 
categorization to describe the variety of 
methods that a cell can respond to injury. 
A number of stress response programs 
have been described to account for 
changes in cell phenotype after injury. 
These stress responses include the heat 
shock response, the acute-phase re- 
sponse, the hypoxia/ischemia response, 
and responses to oxidative stress. De- 
pending on the severity of the injury 
stimulus interpreted in the context of the 
intracellular milieu, the cell executes a 
defined series of genetic programs to pro- 
tect itself. 

Mild or moderate stimuli initiate 
stress response programs that serve to 
marshal cellular resources to "weather 
the storm." More severe stimuli can be 
envisioned as signaling an unsurvivable 
insult resulting in the initiation of death 
programs of apoptosis. Finally, at the fur- 
thest end of the continuum, the most 
severe injuries would leave the cell un- 
able to protect it and result in death by 
necrosis. The phenotype of cell death 
comprises a continuum depending on the 
relative severity of the injury stimulus 
and the relative "hardiness" of the cell 
that is injured. 

Immune Cell Apoptosis in the "Nor- 
mal" Immune Response and in Sepsis, 
Over the last 10 yrs, it has been shown 
that apoptosis plays an important role in 
the normal regulation of maturation, dif- 
ferentiation, proliferation of immune 



cells, and termination of immune f^,^, 
sponses (12). In the next section, the rSi^li 
of apoptosis in the regulation of neutf(^-fi| 
phils and T lymphocytes will be exploredlS 
because of the importance that these cells - 1 
play in normal responses to infection and * 
models of sepsis. . > 



NEUTROPHILS 



v \ 




Neutrophils are the first immune cells 
to migrate to sites of inflammation (32). 
Their primary functions include phago- 
cytosis of bacteria, elaboration of oxida-" 
tive and nonoxidative degradative en- 
zymes, and the elaboration of chemo^ '" 
tactic factors to recruit other inflamma- ; 
tory cells (32). Most neutrophils that mi- 
grate from the vasculature to sites of in- 
jury die there (29). Unlike lymphocytes 
which can transform into memory cells, 
migrate to secondary lymphoid tissue and 
take on secondary surveillance function, 
the granulocyte has a finite lifespan; once , 
activated, the granulocyte will die after a 
specified period of time. ; 

Apoptosis of neutrophils may be one of 
the mechanisms of limiting tissue injury 
at sites of inflammation. It has been 
known for over a hundred years that in- 
tact neutrophils are phagocytosed by 
monocytes at inflammatory sites (29). It 
was first shown that phagocytosis by 
macrophages is the major mode of neu- 
trophil clearance after experimental peri- 
tonitis (33), This observation has been 
corroborated in inflammation models of 
the joint, lung, gut, and kidney (34-37). 

It was noted that neutrophils sponta- 
neously undergo apoptosis in culture. 
Macrophages would not ingest fresli neu- 
trophils but would eat up older ones. 
Neutrophils aged more than a day, how- 
ever, would begin to necrose as seen in 
the appearance of cytosolic proteins like 
myeloperoxidase in culture supernatants. 
By centrifugal elution techniques, it was 
shown that apoptosis was the change in 
the senescent neutrophil which initiated 
phagocytosis (36). 

Several lines of in vitro evidence indi- 
cate that apoptosis of neutrophils may 
limit injury in inflammation. First of all, 
apoptotic neutrophils have suppressed re- 
spiratory burst activity (38). Apoptotic 
neutrophils are unable to degranulate 
and lose important activation- associated 
ligand receptors like intercellular adhe- 
sion molecule-1 (ICAM-l) (39). Phagocy- 
tosis of apoptotic neutrophils inhibits the 
release of proinflammatory cytokines 
from monocytes (40). Ingestion of necrotic 
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i polymorphonuclear cells, however, re- 
l 5ults in an intense release of the mole- 
J 4 ules, 

I Lipopolysaccharide, granulocyte- 
i monocyte colony-stimulating factor (GM 
'I CSF), and glucocorticoids can inhibit 

I neutrophil apoptosis (41). Alternatively, 

II pahgocytosis of Escherichia coli and liga- 
I tion of the Fas receptor can speed up 
\ neutrophil apoptosis (42). It is appealing 

to project a model in which apoptosis of 
I'.eutrophils is delayed when inflamma- 
tory signals indicate a need for longer 
activity. It is also attractive to envision a 
situation that once the neutrophil has 
completed its function, it receives its 
death signal. One hypothesis linking dys- 
function of neutrophil apoptosis with 
sepsis is that delays in neutrophil apopto- 
sis may allow for the prolonged elabora- 
tion of tissue destructive and proinflam- 
jnatory chemotactic factors. A second 
hypothesis is that delays in neutrophil 
apoptosis may allow senescent neutro- 
phils to progress to death by necrosis 
: with the detrimental leakage of proin- 
: flammatory cytosolic proteins, the poten- 
,^ tiation of macrophage secretion, and the 
bystander effect of inflammation. 

Neutrophil Apoptosis Is Delayed 
In Sepsis 

Neutrophil apoptosis is delayed in 
neutrophils exposed to superantigen, in 
patients suffering from SIRS, in trauma 
patients with septic complications, and in 
ICU patients with severe sepsis (43-46). 
There is evidence that the signal which 
delays neutrophil apoptosis is a soluble 
mediator. For example, the supernatant 
of cultured neutrophils exposed to supe- 
rantigen can delay normal neutrophil ap- 
optosis (47). Serum from patients suffer- 
ing from SIRS and sepsis also delayed 
apoptosis in neutrophils from healthy 
controls (43-45). Interestingly, serum 
from trauma patients suffering from sep- 
tic complications could delay neutrophil 
rtpoptosis in a dose-dependent manner 
i45). 

Blocking antibody to GM-CSF in me- 
dia stimulated with superantigen, staph- 
ylococcus enterotoxin B, and in serum 
from patients with SIRS restored normal 
neutrophil apoptosis (44, 47). In another 
study, anti-G-CSF, but not anti-GM-CSF 
abrogated the effects of serum from 
trauma patients with septic compiica- 
lions (45). Antibody to TNF-a has been 
shown to restore a normal time course of 
apoptosis in neutrophils from ICU pa- 



tients admitted for sepsis (46). Supple- 
mentation of interleukin (IL)-IO indepen- 
dently restored neutrophil apoptosis (44). 
Finally, the study looking at neutrophil 
apoptosis with superantigen also showed 
that 7 IFN-b locking antibody could re- 
store neutrophil apoptosis (46, 47). These 
data suggest that multiple soluble proin- 
flammatory signals can influence the in- 
nate apoptotic machinery of the neutro- 
phil and that the relative importance of 
each mediator may depend on the inten- 
sity of the injury stimulus, the type of 
antigen or species variability. Corrobora- 
tive evidence implicates the degree of 
host injury to the amount of dysregula- 
tion of neutrophil apoptosis. For exam- 
ple, patients suffering from trauma and 
after a major operation did not have de- 
lays in neutrophil apoptosis. However, 
trauma patients with septic complica- 
tions did have significant delays in neu- 
trophil apoptosis (45). 

In vivo studies have provided some 
insight but have failed to provide a con- 
clusive picture. Ayala and colleagues (48), 
in a mouse model of polymicrobial sepsis, 
showed increased apoptosis in peritoneal 
granulocytes and decreased apoptosis in 
blood leukocytes. Anti-TNF-a binding 
protein decreased neutrophil apoptosis. 
This is in direct contrast to in vitro work 
presented above. Cox (49) looked at an in 
vivo model of lung inflammation by di- 
rect tracheal instillation of LPS. He noted 
that IL-10, an anti-inflammatory, pro- 
apoptotic cytokine significantly decreased 
the time to resolution of neutrophilia. Ex 
vivo culture showed that neutrophils 
were phagocytosed by macrophages. 

The unifying theme points to the ob- 
servation that signals which up-regulate 
inflammation tend to delay neutrophil 
apoptosis. The degree of inflammation 
appears to be important quantitatively in 
the degree of impairment seen. Different 
models highlight the impact of different 
cytokines. Blocking some of these medi- 
ators can restore the normal time course 
of neutrophil apoptosis in some, but not 
all, models of sepsis. In vivo studies show 
some disparity in the findings seen in 
vitro. This underscores the redundancy of 
the immune system in physiologic con- 
ditions. The key, irreplaceable and or ir- 
revocable factors involved in neutrophil 
apoptosis are not known. More impor- 
tantly, they may not exist. Interdepen- 
dent back-up mechanisms may be able to 
sufficiently initiate appropriate injury 
signals to the neutrophil. Artificial mod- 
els of sepsis and inflammation may be 



emphasizing a particular pathway in a 
situation that may not be physiologically 
relevant. These findings are reminiscent 
of the pleiotropic effects of proinflamma- 
tory cytokines and the tangled web of 
cytokine physiology from the previous 
decade. The available data, however, fall 
well short of linking the finding of delays 
in neutrophil apoptosis with a change in 
pathophysiologic outcome. It is not clear 
from any of these studies, for example, 
whether delaying apoptosis in neutro- 
phils is beneficial or detrimental. Delay in 
apoptosis may be a marker of severe in- 
flammation. Tying a pathophysiologic 
role to this finding will require focused, 
experimental manipulation of neutrophil 
apoptosis in vivo linked to a change in 
clinical outcome. 

LYMPHOCYTES 

Apoptosis plays a role in the termina- 
tion of lymphocyte responses and in the 
deletion of autoreactive lymphocytes (50, 
51). Lymphocytes require two signals for 
activation, terminal differentiation and 
proliferation. The first signal is antigen 
which accounts for the specificity of lym- 
phocyte responses. The second signals 
are either from costimulatory molecules 
on antigen-presenting cells or cytokines. 
The best categorized costimulatory mol- 
ecules are the 37 family, B7-1 (CD80), 
and B7-2 (CD86), which are up-regulated 
on activated professional antigen-pre- 
senting cells like dendritic cells. These 
molecules interact with CD28 on T lym- 
phocytes and induce transcription of the 
lymphocyte growth factor, IL-2, and the 
anti-apoptotic protein, Bcl-xL. Failure of 
an appropriate second signal after anti- 
gen stimulation results in anergy (clonal 
unresponsiveness) or apoptosis (52). 

With respect to termination of anti- 
gen-induced lymphocyte responses, apo- 
ptosis is involved with each step of two 
signal activation scheme. Once the spe- 
cific immune response is up-regulated, 
antigen is cleared from the system. Anti- 
gen reactive clones of necessity receive 
fewer "first" signals. While some of these 
clones will transform into memory cell 
and perform surveillance function, the 
majority of these clones will undergo ap- 
optosis (53). The signals which regulate 
this transformation are not well under- 
stood. With respect to costimulatory 
"second" signals, upon T-cell activation, a 
number of inhibitory pathways are initi- 
ated. Antigen stimulation results in the 
up-regulation of the cell surface molecule 
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CTLA4 on the lymphocyte, which tightly 
binds to B7 molecules. CTLA4, although 
variably expressed in frequency and m- 
tensity, have the exact opposite effects of 
the activating molecule CD28. Ligation of 
CTLA4 results in inhibition of IL-2 secre- 
tion, cell cycle arrest, and apoptosis (54). 

Apoptosis also plays an important role 
in tolerance to autologous antigen. For 
example, antigen-presenting cells are 
continuously ingesting, processing, and 
presenting self and nonself protein. Only 
foreign antigens with the appropriate cy- 
tokine stimulation can generally up- 
regulate the full complement of costimu- 
latory molecules. Therefore, T lympho- 
cytes which autoreact to self-antigen do 
not induce autoimmune responses be- 
cause they lack appropriate or sufficient 
costimulation. Second, activation of the T 
cell results in the simultaneous expres- 
sion of Fas, a member of the TNF recep- 
tor family of death receptors. Full expres- 
sion of Fas requires repeated T-cell 
receptor stimulation. This may point to 
another tolerance mechanism. Self- 
antigens, which are more likely to cause 
repeated T-cell receptor ligation, may in- 
duce Fas expression and prime autoreac- 
tive lymphocytes for active cell death 
(55). Finally, lymphocyte stimulation in- 
duces a negative feedback effect with 
IL-2. The molecular mechanisms under- 
lying this effect are not well understood, 
but targeted deletion of IL-2 gene or its 
receptor does not result in the expected 
immunodeficiency. Rather, the pheno- 
type which is seen is one of uncontrolled 
lymphocyte proliferation and autoim- 
mune reactions (56, 57). 

Lymphocyte Apoptosis is 
Increased in Sepsis 



In vivo studies have identified that 
lymphocyte apoptosis is increased in 
models of experimental polymicrobial 
bacterial peritonitis (cecal ligation and 
puncture [CLP]). Increases in apoptosis 
have been reported in thymocytes, bone 
marrow-derived B lymphocytes, intraepi- 
thelial lymphocytes in the gut, lamina 
propria lymphocytes, Peyer's patch B 
lymphocytes, and splenocytes (58-62). 

Using targeted gene knockout strains 
of mice, it has been observed that sub- 
populations of lymphocyte are sensitive 
to different inducers of apoptosis. Apo- 
ptosis in thymocytes, splenocytes, and 
bone marrow-derived cells has been 
shown to not be differentially dependent 
on lipopolysaccharide (LPS) or TNF-a 
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(59). Intestinal epithelial cells and Peyer s 
patch B lymphocytes, however, show m- 
creased apoptosis in endotoxin-resistant 
animals, but no increases in Fas ligand 
deficient strains (60, 61). This implies an 
LPS-independent and TNF-a dependent 
signaling pathway. This difference has 
been hypothesized to be a consequence of 
repeated exposure of intestinal lympho- 
cytes to intraluminal antigens. 

Rag knockout strains have a deletion 
of the recombinase that is necessary for 
immunoglobulin and TCR expression. 
These mice do not have mature lympho- 
cytes and exhibit an immunodeficient 
phenotype. In response to CLP, increased 
apoptosis is seen in lymphoid and nqn- 
lymphoid organs, suggesting that apopto- 
sis is not dependent on mature lympho- 
cytes (63). Outcome from sepsis in this 
group is controversial. One study re- 
ported a decrease in survival, but another 
report from the same group noted no 
premature death in the Rag knockouts 
(63, 64). 

Expression of the anti-apoptotic pro- 
tein bcl-2 has been shown to be decreased 
in a model of sepsis by laparotomy and 
LPS injection in pigs (65). Transgenic 
mice which overexpress bcl-2 in T lym- 
phocytes have decreased apoptosis m 
both T cells and in splenic B lympho- 
cytes, indicating a potential bystander ef- 
fect. Ex vivo culture of Bcl2 overexpress- 
ing lymphocytes showed no loss in 
mitochondrial membrane potential com- 
pared with control lymphocytes. Interest- 
ingly, Bcl2 overexpressing mice have in- 
creased survival after experimental 
polymicrobial peritonitis (64). 

Treatment of animals with steroid an- 
tagonists has shown that apoptosis in 
thymocytes, but not bone marrow- 
derived lymphocytes, is dependent on en- 
dogenous steroid, but not LPS or TNF-a. 
Interestingly, treatment with steroid an- 
tagonist showed an increase in bcl-2 and 
Fas expression (58). 

Taken together, it appears that lym- 
phocyte apoptosis is sensitive to the ef- 
fects of physiologically relevant models of 
bacterial sepsis. A continuing theme is 
that subpopulations of cell types are dif- 
ferentially sensitive to different initiators 
of apoptosis. The TNF-a transduction 
pathway may be more critical in inducing 
some subpopulations of lymphocytes. Ad- 
ditionally, the anti-apoptotic protein 
bcl-2 has a protective effect in several 
models of lymphocyte apoptosis. Im- 
proved survival with bcl-2 overexpression 
implies that premature, increased, or ac- 



celerated lymphocyte apoptosis maytSp^, 
detrimental. One possible hypothesisfl^^ 
that increased lymphocyte apoptosis i&p^ 




may resiilt^-^ 

in the compensatory up-regulation:ibf>:^ 
nonspecific, and inherently less-efficient 
mechanisms of host defense. Alterria^j*^^'- 
tively, however, premature lymphocytef^. 
apoptosis may simply be a marker ofraV- 
severe inflammation. The finding of im=^ 
proved survival with decreased lympho;||;'';: 
cyte apoptosis, however, gives one of o\F<^ 
earliest clues in linking changes in ap^|:' 
ptosis with clinical outcome. -^i^t^ 

END-ORGAN APOPTOSIS 
IN SEPSIS 

In vivo studies have identified that 
renchymal tissue undergoes increased^ ^ 
apoptosis in models of sepsis. In response^, 
to intravenous injection of LPSifj: 
Bohlinger et al. (66) noted apoptosis ihS'- 
the liver, lung, kidney and intestine of:./ 
mice. They noted the degree of apoptosisX- 
correlated with serum TNF-a levels arid^^g. 
that apoptosis was attenuated by endog-;;J'5 
enous release of nitric oxide. Hiramatsu- 
et al. (67), in a model of polymicrobial; 
peritonitis, noted that apoptosis was in:.;;;: 
creased in ileum, colon, lung, kidney, and^^^J 
skeletal muscle. Using Rag knockoutj: 
mice, they observed a similar distribution g: 
and degree of apoptosis in comparison :^; 
with wild type mice and concluded that 
mature lymphocytes were not required 5; 
for apoptosis and that apoptosis occurred 
in nonlymphoid cells. In a follow-up -- , 
study of rapid autopsy analysis in septic -, 
human patients, Hotchkiss et al. (68) 
noted focal apoptosis in the spleen, colon, 
and ileum. They noted a depletion of lym- 
phocytes in the white pulp of spleens with 
a concomitant lymphocytopenia in 79% 
of septic patients, but not in any nonsep- 
tic patients. Detection of cleaved caspase 
was significantly increased in the spleens 
of septic vs. nonseptic patients. They pro- 
posed that apoptosis contributed to a 
lymphopenic and potentially immuno- 
suppressed state. 

Endothelial Ceil Apoptosis 
in Sepsis 

Endothelial dysfunction and damage 
are thought to contribute to organ dys- 
function in sepsis. High levels ol TNJ-fl 
or circulating LPS may possibly lead to 
endothelial cell (EC) apoptosis in endo- 

Crlt Care Med 2000 Vol. 28, No. 4 (Suppl-) 



toxem 
e ami 
e:idot 
Weiss 
tioxid; 
tected 
DeMe' 
apopt 
with r 
indep 
that I 
a:tivi 
heat: 
tivity 
LPS 1 
howe 
cytop 
spon5 
is dei 
have 
ofth* 
i:ito 
indu 
notei 
tivati 
thiol 
nitre 
treat 
It 

- med: 
j'lry 
tran; 
volvt 
that 
the 
that 
func 
kno^ 
meo 
rele 
patl- 

Hei 



pop 
difft 
The 
ted 
vhi 
piai 
the 
act: 
wa\ 
sue 
tec 
ind 
(77 
per 
liib 
lec 
tht 

Crit 



3thesis'i^|, 
>tosis de-t^^: 
ite a- spe^^* 
ly and eflfl 
lay resiilt j^?! 
iation of.^?| 
•-efficiently 
Alterna-l/'l 
nphocyte|:q 
rker of at"?1 
ig of im-l^ 

ne of our|3 
s in apo-$'v' 



toxemia. Injection of LPS and TNF-a, for 
••xample, leads to ceramide-dependent 
.jndothelial apoptosis in mice (69). Drab- 
Weiss et al. (70) have noted that the an- 
tioxidant properties of aminothiols pro- 
tected against LPS-induced EC apoptosis, 
DeMeester et al. (71) have noted that EC 
apoptosis in response to LPS is decreased 
with nitric oxide (NO) donors in a cGMP- 
independent fashion. They also noted 
that EC apoptosis correlated with NFkB 
activity and that the preinduction of the 
neat shock response decreased NFkB ac- 
tivity and EC apoptosis in response to 
LPS Hu et al. (73) noted in human ECs, 
however, that there is an up-regulation of 
cytoprotective proteins Al and A20 in re- 
sponse to LPS and that this up-regulation 
is dependent on NFkB activity. We (74) 
have shown that adenoviral transduction 
of the inducible NO synthase (iNOS) gene 
nto sheep ECs protected against LPS- 
induced apoptosis. Subsequent work 
noted that NO inhibited LPS-induced ac- 
tivation of caspase 3- like activity in a di- 
thiothreitol sensitive fashion and S- 
nitrosylation of caspase 3 in TNF-a- 
treated ECs (75, 76). 

It appears that EC apoptosis may be 
mediated by an LPS-induced oxidant in- 
jury and that regulation of the cytokine 
transcription signal, NFkB, may be in- 
volved. There is some evidence to suggest 
that protective mechanisms may include 
the up-regulation of proteins. It appears 
that NO serves a protective role in EC 
function which is consistent with its 
known biological roies in vascular ho- 
meostasis although the physiologically 
relevant molecular mechanisms and 
pathways are still being worked out. 

Hepatocyte Apoptosis in Sepsis 

A recurring theme is that different cell 
populations, subtypes, and organs have a 
differential sensitivity to injury stimuli. 
The liver exhibits a number of cytopro- 
tective mechanisms including some 
which limit apoptosis. This probably ex- 
plains the limited apoptosis observed in 
the liver in models of sepsis. Whether 
activation of apoptotic signaling path- 
ways contribute to dysfunction of organs 
such as the liver is unknown. One pro- 
tective pathway involved in the liver is 
inducible NO syntase (iNOS). Ou et al. 
(77) blocked NO production in an in vivo 
perfusion of rat livers with selective in- 
hibitors (which blocks iNOS) and nonse- 
lective inhibitors (which block iNOS and 
the constitutive isoform of NO synthase, 



eNOS) via the portal vein. They saw that 
nonspecific inhibition of NO synthase re- 
sulted in severe hepatic necrosis and he- 
patocyte apoptosis. Infusion of inhibitors 
specific to the iNOS isoform resulted in 
hepatocyte apoptosis only. The effect was 
partially abrogated by the infusion of an 
NO donor which localizes in the liver 
(77). These results suggest that the con- 
stitutive isoform of NO synthase was im- 
portant in preventing necrosis possibly by 
maintaining the integrity of hepatic mi- 
crocirculation while the inducible iso- 
form was protective against hepatocyte 
apoptosis, NO appears to inhibit hepato- 
cyte apoptosis by two mechanisms (78). 
First, NO stimulates cGMP production 
which blocks caspase activation and cyto- 
chrome c release from mitochondria. 
Second, NO can directly inhibit caspase 
activity by a process known as S-nitrosy- 
lation (78-81). This process is very effi- 
cient in hepatocytes and also endothelial 
cells and may explain the capacity of NO 
to protect these cell types, but not others. 
Whether organ failure can result from 
increased parenchymal apoptosis is un- 
known. It is reasonable to speculate that 
excessive initiation of the apoptotic sig- 
naling pathway, whether fully executed 
or not, could interfere with cellular and 
whole organ function. 

OUTCOMES 

Apoptosis occurs in sepsis. We have 
seen that it effects the nonspecific, innate 
as well as the antigen specific, learned 
mechanisms of the immune response. We 
have seen that apoptosis also occurs in 
parenchymal cells in models of sepsis. 
Finally, we have seen how infectious/ 
proinflammatory stimuli can affect the 
apoptotic mechanisms in a variety of cell 
types. This has been instrumental in de- 
lineating the intricate signaling pathways 
in the apoptotic machinery. The impact 
of apoptosis on immunocompetence, or- 
gan function, and outcome has not been 
well detailed. There have, however, been 
a few studies which have indirectly im- 
plied a role for apoptosis in the patho- 
physiology of sepsis. 

Ford et al. (82) analyzed specimens 
from 15 patients undergoing resection 
for necrotizing enterocolitis (NEC) and 
compared them with specimens from pa- 
tients undergoing resection for other 
conditions including ileal atresia, perito- 
nitis, intussusception, or cecal perfora- 
tion. They noted that there was a signif- 
icant and large increase in apoptosis at 



the tips of villi and that this localized to 
the enterocyte in NEC patients. They also 
noted an up-regulation in iNOS in all 
NEC patients, but in no control patients. 
They postulated that the increase in apo- 
ptosis contributed to gut barrier failure. 

Rats exposed to Zn2+ before a lethal 
dose of LPS showed induction of heat 
shock proteins, decreased apoptosis in 
lung, liver, and kidney, and improved 
survival (83). Mice with lymphocytes 
which overexpress Bcl-2 exhibited de- 
creased lymphocyte apoptosis, preserva- 
tion of mitochondrial membrane poten- 
tial and improved survival after 
polymicrobial sepsis. This implies that 
lymphocyte apoptosis may have a detri- 
mental effect, possibly by causing immu- 
nosuppression (64). However, mice in 
which the iNOS gene has been removed 
showed decreased survival, and decreased 
thymocyte apoptosis (84). This demon- 
strates a beneficial effect of iNOS and 
increased thymocyte apoptosis on sur- 
vival. This implies that the effects of ap- 
optosis on subpopulations lymphocytes 
have different roles in sepsis. The patho- 
physiologic role of apoptosis and its reg- 
ulation are still being worked out. 

SUMMARY 

The need to maintain homeostasis re- 
quires compensatory up-regulating and 
down-regulating mechanisms to main- 
tain the internal milieu. Apoptosis is one 
of the mechanisms that multicellular or- 
ganisms have evolved as a global down- 
regulator of processes. It is seen in situ- 
ations when the organisms must rid itself 
of cells which are no longer needed, that 
have been produced in excess, that have 
developed improperly, or that have sus- 
tained irreparable damage. In contrast to 
necrosis, apoptosis is a mode of cell death 
which is tightly regulated, energy depen- 
dent, and noninflammatory. It well serves 
the purpose of controlled elimination of 
extra cells. Apoptosis is critical in the 
normal control of leukocytes, which are 
continuously being generated at a basal 
rate, which must be up-regulated in re- 
sponse to infection, and which subse- 
quently must be down-regulated once the 
infectious stimulus has been eliminated. 

Sepsis marks a pathologic dysregula- 
tion of the immune system in response to 
infection. It is seen as an uncontrolled 
upreguiation of proinflammatory media- 
tors which ultimately results in multiple 
organ failure. Recent work has looked 
into the possibility that dysregulation of 
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down-regulating mechanisms of inflam- 
mation may be responsible for the persis- 
tence of hyperinflammation. 

It can be seen that sepsis is associated 
with changes in the dynamics and regu- 
lation of apoptosis in comparison with 
the uninfected state. These changes are 
seen not only in nonspecific mediators of 
host defense, like neutrophils, but also in 
the specific, responsive arm of the im- 
mune system, lymphocytes. It has also 
been seen that changes in apoptosis can 
be altered by blocking antibody to proin- 
flammatory mediators, steroid antago- 
nists, and by transfection of anti-apop- 
totic molecules. Some of these manipu- 
lations have shown changes in outcome, 
but have not consistently demonstrated a 
clear change in the pathophysiology of 
this very complex immune state. In other 
words, it is still not clear whether delayed 
neutrophil apoptosis or increased lym- 
phocyte apoptosis is bad or good. 

Previous clinical trials that have tried 
to manipulate the host inflammatory re- 
sponse in SIRS and sepsis have failed to 
show benefit in blocking proinflamma- 
tory cytokines. One of the reasons that 
these experiments have not shown a ben- 
eficial effect may be due to the complexity 
and diversity of host defense. The im- 
mune response has evolved multiple 
back-up mechanisms, and a stimulus can 
often set off a cascade of events down 
separate pathways. Manipulation of any 
one pathway down stream from the cen- 
tral stimulus can have a multitude of 
potential effects which are difficult to pre- 
dict in the clinical situation if extrapolated 
even from well designed experimental 
models. Future work in the study of the 
impact of apoptosis in sepsis must account 
for functional outcomes to give context and 
relevance in applicable situations. 

REFERENCES 

1. Galley HF, Webster NR: The immuno- 
inflammatory cascade. Br J Anaesth 1996; 
77:11-16 

2. Bone RC: The pathogenesis of sepsis. Ann 
Intern Med 1991; 115:457-469 

3. Bone RC, Sprung C U Sibbald WJ: Defini- 
tions for sepsis and organ failure. Crit Care 
Med 1992; 20:724-726 

4. Parrillo JE, Parker MM, Natanson C, et al: 
Septic shock in humans. Advances in the 
understanding of pathogenesis, cardiovascu- 
lar dysfunction, and therapy. Ann Intern Med 
1990; 113:227-242 

5. Creenman RL, Schein RM, Martin MA, et al: 
A controlled clinical trial of E5 murine 
monoclonal IgM antibody to endotoxin in the 

N112 



treatment of Gram-negative sepsis. The 
XOMA Sepsis Study Group. JAMA 1991; 266: 
1097-1102 

6. Ziegler EJ, Fisher CJ Jr, Sprung CL, et ai: 
Treatment of Gram-negative bacteremia and 
septic shock with HA-IA human monoclonal 
antibody against endotoxin. A randomized, 
double-blind, placebo-controlled trial. The 
HA-IA Sepsis Study Group. N Engl J Med 
1991; 324:429-436 

7. Abraham E, Wunderink R, Silverman H, et 
al: Efficacy and safety of monoclonal anti- 
body to human tumor necrosis factor alpha 
in patients with sepsis syndrome. A random- 
ized, controlled, double-blind, multicenter 
clinical trial. TNF-alpha MAb Sepsis Study 
Group. JAMA 1995; 273:934-941 

8. Fisher CJ Jr, Dhainaut JF, Opal SM, et al: 
Recombinant human interleukin 1 receptor 
antagonist in the treatment of patients with 
sepsis syndrome. Results from a randomized, 
double-blind, placebo-controlled trial. Phase 
III rhlL-lra Sepsis Syndrome Study Group. 
JAMA 1994; 271:836-1843 

9. Dhainaut JF, Tenaillon A, Le Tulzo Y, et al: 
Platelet-activating factor receptor antagonist 
BN 52021 in the treatment of severe sepsis: 
A randomized, double-blind, placebo- 
controlled, multicenter clinical trial. BN 
52021 Sepsis Study Group. Crit Care Med 
1994; 22:1720-1728 

10. Bone RC: Sir Isaac Newton, sepsis, SIRS, and 
CARS. Crit Care Med 1996; 24. 1125-1128 

11. Stelier H: Mechanisms and genes of cellular 
suicide. Science 1995; 267:1445-1449 

12. Ekert PG, Vaux DL: Apoptosis and the im- 
mune system. Br Med Bull 1997; 53:591-603 

13. Cohen JJ, Duke RC, Fadok VA. et al: Apopto- 
sis and programmed cell death in immunity. 
Annu Rev Immunol 1992; 10:267-293 

14. Kerr JF: Shrinkage necrosis: A distinct mode 
of cellular death. J Pathol 1971; 105:13-20 

15. Kerr JF, Wyllie AH. Currie AR: Apoptosis: A 
basic biological phenomenon with wide- 
ranging implications in tissue kinetics. Br J 
Cancer 1972; 26:239-257 

16. Farber E: Programmed cell death: Necrosis 
versus apoptosis. Mod Pathol 1994: 
7:605-609 

17. Kane AB: Redefining cell death. Am J Pathol 
1995; 146:1-2 

18. Wallach D, Varfolomeev EE, Malinin NL, et 
al: Tumor necrosis factor receptor and Fas 
signaling mechanisms. Annu Rev Immunol 
1999; 17:331-367 

19. Cobb JP, Hotchkiss RS. Karl IE, et al: Mech- 
anisms of cell injury and death. Br J Anaesth 
1996; 77:3-10 

20. Ashkenazi A. Dixit VM: Death receptors: Sig- 
naling and modulation. Science 1998; 281: 
1305-1308 

21. Tibbies LA, Woodgett JR: The stress-activated 
protein kinase pathways. Cell Mol Life Sci 
1999; 55:1230-1254 

22. Cohen GM: Caspases: The executioners of 
apoptosis. Biochem J 1997; 326:1-16 

23. Budihardjo I, Oliver H, Utter M, et al: Bio- 
chemical pathways of caspase activation dur- 



. ing apoptosis. Annu Rev Cell Dev Biol \~ 
15:269-290 . \^ 

24. Ellis HM, Horvitz HR: Genetic controf'^ 
programmed cell death in the nematode,^ 
elegans. Cell 1986; 44:817-829 

25. Yuan J, Shaham S, Ledoux S, et al: Th^'"'^ 
elegans ceil death gene ced-3 encodes a pftf:,;^..^., 
tein similar to mammalian interleukin-l bSfejS 
ta-converting enzyme. Cell 1993; .75'^^ 
641-652 ^^"5^? 

26. Vaux DL, Weissman IL, Kim SK: Prevention^ 
of programmed cell death in Caenorhabdil^^p, 
elegans by human bcl-2. Science 1992; 258:^ 
1955-1957 

27. Hengartner MO, Horvitz HR: C. elegctns')M^ 
survival gene ced-9 encodes a functional lioi^. 
molog of the mammalian proto-oncogene^ij, 
bcl-2. Cell 1994; 76:665-676 

28. Cohen JJ: Apoptosis. Immunol Today 1993^ 
14:126-130 ^'-^H^ 

29. Savill J: Apoptosis in resolution of inflamrnai|^* 
tion. J Uukoc Biol 1997; 61:375-380 , ^^pg 

30. Majno G, Joris I: Apoptosis, oncosis, and ne^^-; 
crosis. An overview of cell dea\h,AmJPathoi^;^ 
1995; 146:3-15 

31. Savill J, Haslett C: Granulocyte clearance ,t@| 
apoptosis in the resolution of inflammation^^* 
Semin Cell Biol 1995; 6:385-393 

32. Haslett C: Granulocyte apoptosis and inflani-v|^ 
matory disease. Br Med Bull 1997; SZ^- 
669-683 

33. Sanui H, Yoshida S. Nomoto K, et al: Perito^gj 
neal macrophages which phagocytose autol^l j 
ogous polymorphonuclear leucocytes inti 
guinea-pigs. I: Induction by irritants and mirV^X 
croorgansisms and inhibition by colchicine, rg;; 
Br J Exp Pathol 1982; 63:278-284 ^fg^ 

34. Savill JS, Wyllie AH, Henson JE, et al: Mac- 
rophage phagocytosis of aging neutrophils in ^| 
inflammation. Programmed cell death in thc^|9i: 
neutrophil leads to its recognition by mac-vTf; 
rophages. J Clin Invest 1989: 83:865-875 

35. Grigg JM, Savill JS. Sarraf C. et al: Neutro-:|^ 
phil apoptosis and clearance from neonatal 
lungs. Lancet 1991; 338:720-722 ^ 

36 Savill J: Macrophage recognition of senes- 
cent neutrophils. Clin Sci (Colch) 1992; 83: 
649-655 

37. Savill J, Smith J, Sarraf C, et al: Glomerular' 
mesangial cells and inflammatory macro- 
phages ingest neutrophils undergoing apo^ 
ptosis. Kidney Int. 1992; 42:924-936 : 

38. Whyte MK. Meagher LC, MacDermot J, et al: 
Impairment of function in aging neutrophils 
is associated with apoptosis. J Immunol 
1993; 150:5124-5134 

39. Dransfield I, Buckle AM, Savill JS. et al: Neu- 
trophil apoptosis is associated with a reduc- 
tion in CD16 (Fc gamma Rill) expression. 
J Immunol 1994; 153:1254-1263 

40. Meagher LC, Savill JS, Baker A, et al: Phago- 
cytosis of apoptotic neutrophils does not in- 
duce macrophage release of thromboxane Bj. 
JLeukocBiol 1992:52:269-273 

41. Squier MK, Sehnert AJ, Cohen JJ: Apoptosis 
in leukocytes. J Leukoc Biol 1995; 57:2-10 

42. Watson RW, Redmond HP, Wang JH. et ah 
Neutrophils undergo apoptosis following 

Crit Care Med 2000 Vol. 28. No. 4 (SuppU 



ingestion of Escherichia coli. J Immunol 
1996; 156:3986-3992 
13. Jimenez MF. Watson RW, Parodo J, et al: 
Dysregulated expression of neutrophil apo- 
ptosis in the systemic inflammatory response 
syndrome. Arch Surg 1997; 132:1263-1269 

44. Fanning NF, Kell M R. Shorten CD, et al: 
Circulating granulocyte macrophage colony- 
stimulating factor in plasma of patients with 
the systemic inflammatory response syn- 
drome delays neutrophil apoptosis through 
inhibition of spontaneous reactive oxygen 
species generation. Shock 1999; 11:167-174 

45. Ertel W, Keel M, Infanger M, et al: Circulat- 
ing mediators in serum of injured patients 
with septic complications inhibit neutrophil 
apoptosis through up-rcgulation of protein- 
tyrosine phosphorylation. J Trauma 1998; 
44:767-775 

46. Keel M, Ungethum U, Steckholzer U. et al: 
Interleukin-10 counterregulates proinflam- 
matory cytokine-induced inhibition of neu- 
trophil apoptosis during severe sepsis. Blood 
1997; 90:3356-3363 

47. Moulding DA, Walter C, Hart CA, et al: Ef- 
fects of staphylococcal enterotoxins on hu- 
man neutrophil functions and apoptosis. 
Infect Immun 1999; 67:2312-2318 

48. Ayala A, Karr SM, Evans TA, et al: Factors 
responsible for peritoneal granulocyte apo- 
ptosis during sepsis. J Surg Res 1997; 69: 
67-75 

49. Cox G: IL-10 enhances resolution of pulmo- 
nary inflammation in vivo by promoting ap- 
optosis of neutrophils. Am J Physiol 1996; 
271:L566-L571 

50. Russell JH: Activation-induced death of ma- 
ture T cells in the regulation of immune 
responses. Curr Opin Immunol 1995; 
7:382-388 

51. Surh CD, Sprent J: T-cell apoptosis detected 
in situ during positive and negative selection 
in the thymus. Nature 1994; 372:100-103 

52. Van Parijs L, Abbas AK: Homeostasis and 
self-tote ranee in the immune system: Turn- 
ing lymphocytes off. Science 1998; 280: 
243-248 

53. Ahmed R, Cray D: Immunological memory 
and protective immunity: Understanding 
their relation. Science 1996; 272:54-60 

54. Thompson CB, Allison JP: The emerging 
role of CTLA-4 as an immune attenuator. 
Immunity 1997; 7:445-450 

55. Perez VL, Van Parijs L, Biuckians A, et al: 
Induction of peripheral T cell tolerance in vivo 
requires CTLA-4 engagement. Immunity 1997; 
6:411-417 

56. Sadlack B. Merz H, Schorle H, et al: Ulcer- 
ative colitis-like disease in mice with a dis- 
rupted interleukin-2 gene. Cell 1993; 75: 
253-261 

57. Suzuki H. Kundig TM, Furlonger C, et al: 



Deregulated T cell activation and autoimmu- 
nity in mice lacking interleukin-2 receptor 
beta. Science 1995; 268:1472-1476 

58. Ayala A. Xu YX, Chung CS, et al: Does Fas 
ligand or endotoxin contribute to thymic ap- 
optosis during polymicrobial sepsis? Shock 
1999; 11:211-217 

59. Ayala A, Herdon CD, Lehman DL, et al: Dif- 
ferential induction of apoptosis in lymphoid 
tissues during sepsis: Variation in onset, fre- 
quency, and the nature of the mediators. 
Blood 1996; 87:4261-4275 

60. Ayala A, Xin XY, Ayala CA. et al: Increased 
mucosal B-lymphocyte apoptosis during 
polymicrobial sepsis is a Fas ligand but not 
an endotoxin-mediated process. Blood 1998; 
91:1362-1372 

61. Chung CS, Xu YX, Wang W, et al: Is Fas 
ligand or endotoxin responsible for mucosal 
lymphocyte apoptosis in sepsis? Arch Surg 
1998; 133:1213-1220 

62. Chung CS, Xu YX, Chaudry IH, et al: Sepsis 
induces increased apoptosis in lamina pro- , 
pria mononuclear cells which is associated 
with altered cytokine gene expression. y5ur^ 
Res 1998; 77:63-70 

63. Hotchkiss RS, Swanson PE, Cobb JP, et al: 
Apoptosis in lymphoid and parenchymal cells 
during sepsis: Findings in normal and T- and 
B-cell-deficient mice. Crit Care Med 1997; 
25:1298-1307 

64. Hotchkiss RS, Swanson PE, Knudson CM, et 
al: Overexpression of Bci-2 in transgenic 
mice decreases apoptosis and improves sur- 
vival in sepsis. J Immunol 1999; 162: 
4148-4156 

65. Haendeler J, Messmer UK, Brune B, et al: 
Endotoxic shock leads to apoptosis in vivo 
and reduces Bcl-2. Shock 1995; 6:405-409 

66. Bohlinger I, Leist M, Gantner F, et al: DNA 
fragmentation in mouse organs during endo- 
toxic shock. Am J Pathol 1996; 149: 
1381-1393 

67. Hiramatsu M, Hotchkiss RS, Karl IE. et al: 
Cecal ligation and puncture (CLP) induces 
apoptosis in thymus, spleen, lung, and gut by 
an endotoxin and TNF-independent pathway. 
Shock mi] 7:247-253 

68. Hotchkiss RS, Swanson PE, Freeman BD, et 
al: Apoptotic cell death in patients with sep- 
sis, shock, and multiple organ dysfunction. 
Crit Care Med 1999; 27:1230-1251 

69. Haimovitz-Friedman A, Cordon-Cardo C, 
Bayoumy S, et al: Lipopolysaccharide in- 
duces disseminated endothelial apoptosis re- 
quiring ccramide generation. J Exp Med 
1997; 186:1831-1841 

70. Drab-Weiss EA, Hansra IK, Blazek ER, et al: 
Aminothiols protect endothelial cell prolifer- 
ation against inhibition by lipopolysaccha- 
ride. Shock 1998; 10:423-429 

71. DeMeester SL Qiu Y, Buchman TG, et al: 



Nitric oxide inhibits stress-induced endothe- 
lial cell apoptosis. Crit Care Med 1998; 26: 
1500-1509 

72. DeMeester SL, Buchman TG, Qiu Y, et al: 
Heat shock induces IkappaB-alpha and pre- 
vents stress-induced endothelial cell apopto- 
sis. /4rc/? Surg 1997; 132:1283-1287 

73. Hu X, Yee E, Harlan JM, et al: Lipopolysac- 
charide induces the antiapoptotic molecules, 
Al and A20, in microvascular endothelial 
cells. Blood 1998; 92:2759-2765 

74. Tzeng E, Kim YM, Pitt BR, et al: Adenoviral 
transfer of the inducible nitric oxide synthase 
gene blocks endothelial cell apoptosis. 
Surgery 1997; 122:255-263 

75. Ceneviva GD, Tzeng E, Hoyt DG, et al: Nitric 
oxide inhibits lipopolysaccharide-induced ap- 
optosis in pulmonary artery endothelial cells. 
Am J Physiol 1998; 275:L717-L728 

76. Dimmeler S, Haendeler J, Nehls M, et al: 
Suppression of apoptosis by nitric oxide via 
inhibition of interleukin-lbeta-converting 
enzyme (ICE)-like and cysteine protease pro- 
tein (CPP)-32-like proteases. J Exp Med 
1997; 185:601-607 

77. Ou J, Carlos TM, Watkins SC, et al: Differen- 
tial effects of nonselective nitric oxide syn- 
thase (NOS) and selective inducible NOS in- 
hibition on hepatic necrosis, apoptosis, 
ICAM-1 expression, and neutrophil accumu- 
lation during endotoxemia. Nitric Oxide 
1997; 1:404-416 

78. Kim YM, Talanian RV, Billiar TR: Nitric oxide 
inhibits apoptosis by preventing incr^es 
in caspase-3-like activity via two distinct 
mechanisms. J Biol Chem 1997; 272: 
31138-31148 

79. Kim YM, Kim TH, Seol DW, et al: Nitric oxide 
suppression of apoptosis occurs in associa- 
tion with an inhibition of Bcl-2 cleavage and 
cytochrome c release. J Biol Chem 1998; 
273:31437-31441 

80. Li J, Bombeck CA, Yang S, et al: Nitric oxide 
suppresses apoptosis via interrupting caspase 
activation and mitochondrial dysfunction in 
cultured hepatocytes. J Biol Chem 1999; 
274:17325-17333 

81. Mannick JB, Miao XQ, Stamler JS: Nitric 
oxide inhibits Fas-induced apoptosis. J Biol 
Chem 1997; 272:24125-24128 

82. Ford H, Watkins S, Reblock K, et al: The role 
of inflammatory cytokines and nitric oxide in 
the pathogenesis of necrotizing enterocolitis. 
J Pediatr Surg 1997; 32:275-282 

83. Klosterhalfen B, Hauptmann S, Offner FA, et 
al: Induction of heat shock protein 70 by 
zinc-bis-(DL-hydrogenaspartate) reduces cy- 
tokine liberation, apoptosis, and mortality 
rate in a rat model of LDIOO endotoxemia. 
Shock 1997; 7:254-262 

84. Cobb JP, Hotchkiss RS, Swanson PE, et al: 
Inducible nitric oxide synthase (iNOS) gene 
deficiency increases the mortality of sepsis in 
mice. Surgery 1999; 126:438-442 



Grit Care Med 2000 Vol. 28, No. 4 (Suppl.) 



N113 



